Gambierdiscus, a benthic dinoflagellate, produces ciguatoxins that cause the human illness Ciguatera. Ciguatoxins are polyether ladder compounds that have a polyketide origin, indicating that polyketide synthases (PKS) are involved in their production. We sequenced transcriptomes of G. excentricus and G. polynesiensis and found 264 contigs encoding single domain ketoacyl synthases (KS; G. excentricus: 106, G. polynesiensis: 143) and ketoreductases (KR; G. excentricus: 7, G. polynesiensis: 8) with sequence similarity to type I PKSs, as reported in other dinoflagellates. Additionally, 24 contigs (G. excentricus: 3, G. polynesiensis: 21) encoding multiple PKS domains (forming typical type I PKSs modules) were found. The proposed structure produced by one of these megasynthases resembles a partial carbon backbone of a polyether ladder compound. Seventeen contigs encoding single domain KS, KR, s-malonyltransacylase, dehydratase and enoyl-reductase with sequence similarity to type II fatty acid synthases (FAS) in plants were found. Type I PKS and type II FAS genes were distinguished based on the arrangement of domains on the contigs and their sequence similarity and phylogenetic clustering with known PKS/FAS genes in other organisms. This differentiation of PKS and FAS pathways in Gambierdiscus is important, as it will facilitate approaches to investigating toxin biosynthesis pathways in dinoflagellates.
The proposed mechanism of toxicity of CTXs is based on its ability to activate sodium channels in cells with excitable membranes such as the peripheral nerve cells. When CTXs binds to the sodium channels, there is a massive influx of sodium ions, resulting in the depolarisation of the cells and onset of spontaneous action potentials in effected cells (Kohli et al. 2015a and references therein) . This causes various gastrointestinal and neurological symptoms in humans (Kohli et al. 2015a and references therein).
CTX toxin profiles and structures have been determined by liquid chromatography-mass spectrometry (LCMS) techniques, accompanied by nuclear magnetic resonance (Murata et al., 1989 , Murata et al., 1990a , Lewis et al., 1991 , Satake et al., 1996 and radio ligand binding (Hamilton et al., 2002a , Hamilton et al., 2002b . These methods require purified CTX standards. Confirmation of toxin by LCMS involves the isolation and fractionation of the various CTX compounds of known molecular weights. At present, there is a very limited supply of purified CTX standards available (Berdalet et al., 2012) . Currently state of the art LCMS equipment struggles to reach the low levels of detection required for CTXs, as they may be highly toxic in trace amounts. For this reason, the toxin profile of relatively few species of Gambierdiscus have been determined with certainty (Table 1) , and of those species that have been examined, there has sometimes been a mismatch between results from cell-based assays, and those using LCMS (Table 1) .
Liposoluble extracts of other Gambierdiscus species such as G. australes, G. toxicus, G. pacificus and G. belizeanus have been reported to be toxic via the receptor-binding assay . Qualitative detection of P-CTX-3C in the liposoluble fraction of G. belizeanus strain CCMP401 has been reported previously (Roeder et al. 2010) . However, other studies have shown that no CTXs (P-CTX-3B, P-CTX-3C, P-CTX-4A, P-CTX-4B) could be detected via LCMS in G. belizeanus strain CCMP401 (Kohli et al. 2015b) or in several different strains of G. australes (Rhodes et al. 2010 , Rhodes et al. 2014 , Kohli et al. 2015b ). The toxicity of the liposoluble fractions of G. australes, G. toxicus, G. pacificus and G. belizeanus were low compared to that of G. polynesiensis in the study of strains from French Polynesia . This might indicate the presence of novel congeners of CTXs and/or other polyketide compounds that inhibit sodium channels in the liposoluble extracts of these species. Therefore, detailed characterisation of the toxin profile of these species of Gambierdiscus via LC-MS and/or nuclear magnetic resonance is clearly required.
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An understanding of the genetic basis of ciguatoxin synthesis would be immensely useful in aiding our understanding of their fundamental science, including molecular ecology, evolution, toxicology, chemistry, as well as assisting in the development of monitoring measures to protect public health. Based on radio labelled precursor studies, and determinations of their chemical structure, it is clear that cyclic polyether compounds such as CTXs are produced by way of polyketide synthesis pathways in dinoflagellates (Kalaitzis et al. 2010 , Lee et al. 1986 , Chou and Shimizu 1987 , Lee et al. 1989 , Wright et al. 1996 , Murata et al. 1998 ).
Fatty acid synthases (FAS) and PKSs are closely related and have a common evolutionary history (Kohli et al. 2016 ). The ketosynthase (KS) domain, which performs the condensation reaction between acyl units, along with the acyl transferase (AT) and acyl carrier protein (ACP) forms the core structure of FASs and PKSs (Cane et al. 1998 , Khosla et al. 1999 , Jenke-Kodama et al. 2005 . Other domains that modify the acyl-units after condensation are dehydratase (DH), enoylreductase (ER) and ketoreductase (KR), are selectively present/absent in PKSs, however essential for FASs. The thioesterase (TE) domain hydrolyses the polyketide chain from ACP ultimately releasing the polyketide compound from the megasynthase (Cane et al. 1998 , Khosla et al. 1999 , Jenke-Kodama et al. 2005 and references therein).
Three types of PKSs have been described so far. In iterative type I PKS, a set of catalytic domains are present in a single protein and used in a cyclic fashion repeatedly for chain elongation, analogous to fatty acid synthesis is animals and fungi (Khosla et al. 1999 , Jenke-Kodama et al. 2005 . Iterative type I PKSs can be further subdivided into reducing PKSs (that produce fatty acid derivatives), partially reducing PKS and non-reducing PKSs (that produce true polyketides) (Jenke-Kodama et al. 2005 and references therein). In modular type I PKSs, catalytic domains are organised in sequential modules, where each module contains all the catalytic domains needed to perform one condensation reaction and increase the length of the polyketide chain by 2 carbon atoms, until it reaches the last module that contains the TE domain, which terminates the elongation process and releases the polyketide chain (Cane et al., 1998; Jenke-Kodama et al., 2005; Khosla et al., 1999) . Type II PKSs consist of multi protein complexes where each catalytic domain is on a separate peptide which function as mono-functional proteins in an iterative fashion analogous to type II FASs in bacteria and plants (Cane et al., 1998; Jenke-Kodama et al., 2005; Khosla et al., 1999) . Type III PKSs are self-contained homodimeric enzymes where each monomer performs a specific function in an iterative manner without the use of acyl carrier proteins (that is, it acts directly on acyl units), also called as chalcone synthase like PKSs (Ferrer et al., 1999) .
As Gambierdiscus species appear to possess amongst the largest genomes known from eukaryotes, (32.5 Gbp for G. australes and 35 Gbp for G. belizeanus) (Kohli et al. 2015b ), similar to other dinoflagellates (Veldhuis et al. 1997 , Hou and Lin 2009 , Shoguchi et al. 2013 , Kohli et al. 2015b ), this poses a significant challenge in the ongoing effort to find the genes responsible for cyclic polyether production in dinoflagellates. Previous studies have therefore used transcriptomic sequencing to identify candidate genes related to toxin production in Karenia brevis (Monroe and Van Dolah 2008) , G. polynesiensis (Pawlowiez et al. 2014) , G. australes, G. belizeanus (Kohli et al. 2015b) , Azadinium spinosum (Meyer et al. 2015) , Heterocapsa circularisquama (Salcedo et al. 2012) , Karenia mikimotoi (Kimura et al. 2015) , and Alexandrium ostenfeldii (Jaeckisch et al. 2011 , Eichholz et al. 2012 ) and successfully identified hundreds of polyketide synthase (PKS) genes. Recently, PKS genes were also identified in the genome of Symbiodinium minutum (Beedessee et al. 2015) . In dinoflagellates, contigs encoding KS domains encode one domain per transcript (a feature typically observed in type II PKSs) but phylogenetically cluster with other type I PKS-KS domains, therefore, classified as type I PKS and indicating the presence of a novel type I PKS in dinoflagellates (Monroe and Van Dolah 2008 , Pawlowiez et al. 2014 , Ryan et al. 2014 , Kohli et al. 2015b , Kohli et al. 2016 , Meyer et al. 2015 , Eichholz et al. 2012 . As PKSs and FASs share a similar enzymatic domain structure it is important to differentiate between the genes encoding the two groups of enzymes, in order to better understand the polyketide/toxin production in Gambierdiscus.
Due to several factors, including the lack of dinoflagellate model species that have been well characterised genetically, difficulties in successfully genetically manipulating dinoflagellate species, including developing knock-outs, and difficulties in axenically culturing dinoflagellates, the confirmation of genetic pathways in dinoflagellates has been difficult. To date, confirmation of genes likely responsible for certain pathways has used circumstantial information, such as the presence or absence of related genes in species with a propensity to produce that toxin (Stüken et al. 2011 , Murray et al. 2015 .
A comparative transcriptomic approach, in which transcriptomes of species with contrasting toxin profiles is compared, is one approach to overcome this difficulty. In this study, we generated transcriptomes of two species, G. excentricus (Fraga et al. 2011) and G. polynesiensis (Rhodes et al. 2014) , which likely produced known CTX analogs, and compared them to the transcriptomes of two genetically relatively closely related, most likely non-CTX producing Gambierdiscus species, G. belizeanus and G. australes (Kohli et al. 2015b ). The aim of this comparison was to investigate the presence and expression of candidate genes that may be linked to cyclic polyether synthesis in producing and non-producing similar species.
MATERIAL AND METHODS

Culture conditions, RNA extraction and assembly
Gambierdiscus polynesiensis (CAWD212) was isolated from Rarotonga, Cook Islands (21°13'24.18" S; 15°43'54.94" W) in March 2013 (Rhodes et al. 2014) . Gambierdiscus excentricus (VGO790) was collected on March 28th, 2004 as an epiphyte on small filamentous macroalgae and turf on a tidal pond in Punta Hidalgo 28º 34'27''N, 16º 19'52''W, Tenerife Island, Spain (Fraga et al. 2011) . Strain VGO790 is barcoded in GenBank (GenBank ID: JF303074, large ribosomal subunit, D8-D10, 771bp), (GenBank ID: HQ877874, large ribosomal
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subunit, D1-D3, 822bp) and (GenBank ID: JF303065, large ribosomal subunit, D1-D3, 822bp) (Fraga et al. 2011) . Strains were grown at 25 °C under cool white fluorescent light (light intensity 60 μmol m -2 s -1 ; 12:12 light:dark cycle) in in f/2 medium (Guillard and Ryther 1962) .
RNA extraction and library preparation was carried out as described previously (Kohli et al. 2015b ). The G. excentricus cDNA library was sequenced on a half lane of HiSeq2000 (Illumina, San Diego, CA), generating a total of 135,064,950 100 bp paired-end reads. The G. polynesiensis cDNA library was sequenced using two lanes of HiSeq2000 (Illumina, San Diego, CA), generating a total of total of 1,064,432,504 100 bp paired-end reads. Raw reads were quality filtered and assembled into contigs using CLC Genomics Workbench Version 7.0 (CLC bio, Cambridge, MA) using default software settings and a total of 883,662,391 (G. polynesiensis) and 118,044,360 (G. excentricus) reads mapped during assembly. During the assembly, scaffolding was performed and the assembly was also validated using read mapping. Any contigs less than 300bp of length and/or containing gaps (NNNNs) of more that 100bp were not analysed any further.
Transcriptome Analysis
BLASTx analysis was performed at an E-value cutoff of 10 -9 against the nr database of GenBank. BLAST2GO (Götz et al. 2008) and Kyoto Encyclopedia of Gene and Genomes (KEGG) analysis using default software settings were used to perform mapping and annotation of transcripts. To improve the annotation of the transcriptomes, InterProScan analysis was carried out in BLAST2GO which uses the following databases: BlasProDom, FPrintScan, HMMPIR, HMMPfam, HMMSmart, HMMTigr, ProfileScan, HAMAP, PatterScan, SuperFamily, SignalPHMM, TMHMM, HMMPanther, Gene3D, Phobius, Coils (Mitchell et al. 2014) . To analyse the comprehensiveness of the transcriptomes, the Core Eukaryotic Genes Mapping approach (CEGMA) tool (Parra et al. 2007 ) was also used. Initial search for PKS/FAS genes was carried out by text searching the annotations (ketosynthase, PKS, polyketide synthase, ketoreductases, FAS). PKS/FAS genes were also identified using HMMER (Finn et al. 2011) , in which in-house HMM databases were developed using sequences identified via text searching the annotations and already known sequences from other dinoflagellates for each enzyme investigated in this study. Alignments used for the HMM databases have been provided in supplementary file 1. After obtaining the sequences from HMMER, Pfam (Punta et al. 2012 ) and CDD (Marchler-Bauer et al. 2014) were used for identification of conserved amino acid residues and functional prediction of PKS/NRPS and FAS genes. Sequences identified by HMMER/BLASTx where no functional predictions of PKS/NRPS and FAS genes using Pfam and CDD could be obtained, were discarded and not analysed any further. Identification of transit peptide targeted towards chloroplast was detected using ChloroP (Emanuelsson et al. 1999) . Contigs containing the sequence "DCCGTAGCCATTTTGGCTCAAG (D = T, A, or G)" within the first/last 100bp were considered to have a full spliced leader (all 22 bp)/partial spliced leader (11-21 bp,) sequence. Sequence clustering and comparison was carried out on web server CD-HIT (Huang et al. 2010) .
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Raw data was submitted to the NCBI sequence read archive under accession numbers SRR3348983 (G. excentricus) and SRR3358210 (G. polynesiensis). Full-length PKS and FAS genes were submitted to Genbank under accession numbers KX395751 -KX395902 and the rest of the assembled sequences (combined with partial PKS/FAS sequences) were submitted to the NCBI transcriptome shotgun assembly archive (G. excentricus GETL00000000; G. polynesiensis GETK00000000) under Bioproject numbers PRJNA317708 (G. excentricus) and PRJNA317942 (G. polynesiensis).
Phylogenetic Analysis
MAFFT (Katoh et al. 2002) and/or Clustal W (Thompson et al. 1994 ) aligners within Geneious® software (Kearse et al. 2012) were used for sequence alignments. Alignments were manually inspected and trimmed to ensure they spanned the same coding region. Phylogenetic analysis was carried out in RAxML Version 7.0 (Stamatakis 2006) using GAMMA and LG models of rate heterogeneity with 1000 bootstraps.
RESULTS AND DISCUSSION
Transcriptomic analysis
Comprehensive transcriptomic libraries of G. excentricus and G. polynesiensis were analysed, and resulted in 77,393 (Mean length: 1148, GC content: 62.3%) and 115,780 (Mean length: 924.5, GC content 61.6%) contigs > 300 bp, respectively. The GC content of the transcriptomes was high (62.3 % for G. excentricus and 61.6 % for G. polynesiensis) as compared to other eukaryotes (Shoguchi et al. 2013 , Pawlowiez et al. 2014 , Kohli et al. 2015b , Meyer et al. 2015 , Ryan et al. 2014 . For G. excentricus, it was determined using BLASTx analysis that at an e-value cut-off of 10 -9 , 24.7% of the contigs had an annotated match, 17.4 % had a non-annotated match and 57.9% of the contigs lacked similarity to any sequences in the nr database of GenBank (Table 2) . For G. polynesiensis it was determined using BLASTx analysis that at an e-value cut-off of 10 -9 , 20.9% of the contigs had an annotated match, 16.1 % had a non-annotated match and 63% of the contigs lacked similarity to any sequences in the nr database of GenBank. This is in the range for other protist studies (Keeling et al. 2014 ) but particular for dinoflagellates (Pawlowiez et al. 2014 , Ryan et al. 2014 , Kohli et al. 2015b , Meyer et al. 2015 . Read mapping/coverage analysis of G. excentricus and G. polynesiensis transcriptomes showed that 72.1% and 88.4% of contigs, respectively, had greater than 20x coverage (Table 2) . Excluding the lower coverage sequence did not affect the high difference in contig numbers between both species and therefore we kept all contigs in the analyses. CD-HIT cluster analysis was performed (at 90%, 95% and 98% sequence similarity at nucleotide level) to identify highly similar sequences within and between both the transcriptomes to identify potential isoforms and false positive transcript candidates. The analysis revealed that 98.6-99.9% of contigs in G. excentricus (at different sequence similarity thresholds) and 90.1-99.3% of contigs in G. polynesiensis were unique and this indicates that these contigs are not just isoforms from the same gene in the
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respective datasets. To compare the two transcriptomes a BLASTn analysis (e-value cut-off of 10 -20 ) was performed, where G. polynesiensis contigs were used as a query against a database of G. excentricus contigs. The analysis revealed that 66.8 % of G. polynesiensis contigs had a positive match to the G. excentricus transcriptomic database. However, the percentage similarity of 93.6 % of the G. polynesiensis sequences that matched the G. excentricus transcriptome was 70-90%, indicating that the two species are genetically quite distant to each other. This is also evident in the 18S ribosomal phylogeny of Gambierdiscus and Alexandrium species (Figure S1 ), in which Gambierdiscus species occur on much longer branch lengths as compared to Alexandrium species ( Figure S1 ). Similar BLASTn comparisons were carried out among the transcriptomic datasets of G. excentricus, G. belieanus, G. australes and G. polynesiensis. The analysis revealed that 63-75% contigs of the query species had positive matches in the transcriptome of the species used as a database.
In the G. excentricus transcriptome, 8890 (11.5 % of the transcriptome) contigs had a full or partial (defined as >11bp within 100bp of ends of contig) dinoflagellate-specific spliced leader sequence (SL) (Lidie and Van Dolah 2007) , at the 5' end and Similarly, in the G. polynesiensis transcriptome, 6869 (6% of the transcriptome) contigs had a full or partial SL sequence.
As reported in studies of the genomes or transcriptomes of Symbiodinium kawagutii (Lin et al. 2015) , Symbiodinium minutum (Bayer et al. 2012 , Shoguchi et al. 2013 , Lingulodinium polyedrum (Roy and Morse 2012) , Azadinium spinosum (Meyer et al. 2015) and two Gambierdiscus species (Kohli et al. 2015b ), contigs encoding a full suite of essential histonecoding proteins (H2A, H2B, H3, H4) were found in the transciptomes of G. excentricus and G. polynesiensis (Table S1 ). Transcriptomes of G. excentricus and G. polynesiensis also encoded 95% (G. excentricus: 159 of 167 and G. polynesiensis: 161 of 167) of the essential enzymes required for C-3 carbon cycle, oxidative phosphorylation, pentose phosphate pathway, glycolysis, tricaroxalic acid cycle, purine nucleotide synthesis (Inosine monophosphate synthesis; synthesis of AMP, ADP, ATP, synthesis of dADP, dATP; synthesis of GMP, GDP, GTP and synthesis of dGDP and dGTP), pyrimidine nucleotide synthesis (Uridine monophosphate synthesis, synthesis of UDP, UTP, CTP and CDP; synthesis of dCDP, dCTP, dUDP and dUTP; synthesis of dTMP, dTDP and dTTP), tyrosine-phenylalanine-tryptopham synthesis, serine-glycinethreonien synthesis, arginine-proline synthesis, Alanine-Aspartic acid-Asparginine-Glutamic acid-Glutamine synthesis, Cysteine-Methionine synthesis, valine-leucine-isoleucine synthesis, lysine synthesis and histidine synthesis (Table S2) .
To further assess the completeness of the transcriptomes, we used the core eukaryotic genes mapping approach (CEGMA) (Parra et al. 2007) , and found that the transcriptomes contained 78 % (361 of 458) and 74.6 % (342 of 458) of the core eukaryotic genes for G.excentricus and G. polynesiensis, respectively. This is comparable to other dinoflagellate transcriptomes investigated via CEGMA analysis to date (Ryan et al. 2014 , Kohli et al. 2015b , Meyer et al. 2015 .
Fatty acid and polyketide biosynthesis in Gambierdiscus
Fatty acid synthesis
Plants have type II FASs, which carry each catalytic domain on separate polypeptides that form multi-protein complexes (Jenke-Kodama et al. 2005 and references therein). In plants, a separate nuclear gene encodes each polypeptide that is targeted towards the chloroplast, where fatty acid synthesis occurs (McFadden, 1999 and references therein). Gene knockout studies and functional characterisation of all the FAS catalytic domains has been carried out in higher plants (White et al., 2005; Brown et al., 2010 and references therein) . Recently, these type II FAS genes resembling that of plants, were reported in many dinoflagellates and other protists (116 genera) (Kohli et al., 2016) .
We found genes encoding 3-ketoacyl ACP synthase I, II & III (KASI-FabB, KASII-FabF, KASIIIFabH), ACP s-malonyltransacylase (AT-FabD), trans3-ketoacyl ACP reductase (KR-FabG), 3-hydroxyacyl-ACP dehydratase (DH-FabZ), and enoyl-ACP reductase (ER-FabI) in the transcriptomes of G. australes, G. belizeanus, G. excentricus and G. polynesiensis (Table S3 ) that are likely involved in fatty acid synthesis. As seen in other dinoflagellates and protists (Kohli et al. 2016) , each transcript encoded individual FAS enzyme/domain (a feature typically observed in type II FASs) in Gambierdiscus. Phylogenetic analysis of 32 type II 3-ketoacyl ACP synthase II and 71 type I ketosynthase domains from prokaryotic and eukaryotic PKS and FASs, revealed that Gambierdiscus 3-ketoacyl ACP synthase II genes cluster with other type II FAS genes from phototrophic lineages such as green algae and plants (Figure 1 ), indicating the presence of a type II FAS in Gambierdiscus. Unlike other protists, only one type of gene family encoding KASIIFabF, which carries out the condensation reaction during elongation of the fatty acid chain, was found in Gambierdiscus. Transit peptides targeted towards the chloroplast were found in 70% of the contigs encoding type II FAS enzymes (Table S3) . Residues comprising the active sites for the seven enzyme involved in type II FAS were confirmed in all four species of Gambierdiscus (Table S3 ). These features indicate that the genes are fully functional, and that whole or part of the process of fatty acid synthesis appears to take place in the chloroplast.
In order to understand the evolutionary history of these genes, a concatenated phylogeny of 5 type II FAS enzymes (KASIII-FabH, AT-FabD, DH-FabZ, ER ER-FabI, KR-FabG) was carried out. Chromera velia was used as an out-group, and dinoflagellates formed a distinct well-supported monophyletic clade (Figure 2 ). Within the dinoflagellate clade, the evolution of these genes broadly follows the trend of dinoflagellate evolution, in which the orders Gonyaulacales, Peridiniales (except Azadinium) and Suessiales form monophyletic clades. All four species of Gambierdiscus group together within the Gonyaulacales clade, and Alexandrium formed the sister clade, indicating that it is evolutionarily closely related to Gambierdiscus (Orr et al. 2012 , Murray et al. 2015 .
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Polyketide biosynthesis
Since KS domains are an essential and highly conserved domain, involved in PKS biosynthesis (Kroken et al. 2003 , John et al. 2008 , the search for genes encoding this domain was the primary focus of this study. In Gambierdiscus, other studies have reported KS domains from G. australes and G. belizeanus (G australes: 90 full and 12 partial; G. belizeanus: 74 full and 40 partial) (Kohli et al. 2015b ) and 22 KS domains in G. polynesiensis strain TB-92 (Pawlowiez et al. 2014) . As these contigs coding KS domains, encoded one domain per transcript (a feature typically observed in type II PKSs) but phylogenetically clustered with other type I PKS-KS domains, they were classified as type I PKSs (Pawlowiez et al. 2014 , Kohli et al. 2015b .
In this study, contigs encoding KS domains were found to be highly numerous and diverse in the transcriptomes of G. excentricus and G. polynesiensis. In G. excentricus transcriptome, contigs encoded 86 full and 20 partial KS domains and 7 full KR domains were found (Table 3, Table  S4 ). In G. polynesiensis transcriptome, contigs encoded 73 full and 70 partial KS domains and 1 partial and 7 full KR domains were found (Table 3, Table S4 ). Similar to other dinoflagellates, these contigs encoding KS domains in G. excentricus and G. polynesiensis also encoded one domain per transcript (Table 3) . Dinoflagellate transcripts encoding single KS domains have a centrally conserved ExExGYLG motif at the N-terminal region (John et al., 2012) . Eighteen transcripts encoding a single KS domain in each of the G. polynesiensis and G. excentricus transcritpomes also encoded the conserved N-terminal motif ExExGYLG.
In addition to the transcripts encoding single PKS (KS) domains, 24 contigs encoding multiple PKS domains per transcript were also found in G. excentricus and G. polynesiensis (Table 3) . None of these transcripts encoded a dinoflagellate specific SL at the 5' end of the sequence. In previous studies, due to the lack of a dinoflagellate specific SL and clustering of these KS domains within the bacterial type I PKS clade during phylogenetic analysis, these contigs (encoding multiple PKS domains) were considered likely to have been part of the transcriptomes of a bacterial contaminant of the strain, as the strains were not axenic (Kohli et al. 2015b) . However, recently a transcript encoding a hybrid polyketide synthasenonribosomal peptide synthase (PKS-NRPS) was found in Amphidinium carterae (Bachvaroff et al. 2015) . This gene was found to encode dinoflagellate specific SL and a polyA tail, indicating its dinoflagellate origin, despite the fact that it clustered within the bacterial type I PKS clade based on phylogenetic analysis (Bachvaroff et al. 2015) . A transcript encoding partial hybrid PKS-NRPS was also found in G. polynesiensis transcriptome (contig 19937, Table 3 ). These results indicate that dinoflagellates can express genes incorporated into the genome of apparently relatively recent bacterial origin, likely through processes such as lateral gene transfer, which have been found to be likely responsible for the novel introduction of some of the genes for saxitoxin synthesis into dinoflagellates species (Stüken et al. 2011) . This indicates that studies attempting to identify genes involved in dinoflagellate secondary metabolite biosynthetic pathways need to consider both genes of clear dinoflagellate origin and those with relatively recent bacterial homology, as well as to consider that multiple gene duplications, loss and selection for novel functions are also likely to have occurred (Murray et al. 2015) .
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Phylogenetic analysis of all the KS domains found in this study, and from G. australes and G. belizeanus (Kohli et al. 2015b) (Table 3) , was performed to examine the evolutionary history of the KS domains and identify potential bacterial contaminants (based on the phylogenetic position of transcripts). Transcripts encoding single KS domains grouped with other protistan type I PKS sequences with high bootstrap support and separate from other prokaryotic PKS sequences (Figure 3) . Within the protistan clade, transcripts encoding single KS domains from dinoflagellates formed a distinct well-supported clade as seen in previous studies (Monroe and Van Dolah 2008 , Eichholz et al. 2012 , Pawlowiez et al. 2014 , Kohli et al. 2016 . Within the dinoflagellate clade of transcripts encoding single KS domains, they formed three sub-clades (Clade A, B and C), as reported previously (Kohli et al. 2016) . Clade A and C consisted of KS domains with all their active site residues intact (Figure 3) . KS domains in clade B did not have one or more active site residues intact (Figure 3) . KS domains from contigs containing multiple domains formed six separate clades (Figure 3) . Clade D consisted of KS domains from: modular type I PKS (cis AT) from bacteria and the recently discovered hybrid PKS-NRPS found in Amphidinium, Heterocapsa and G. polynesiensis (Figure 3) . Clade D also contained multiple other KS domains from all four Gambierdiscus species, however as the transcripts were incomplete it could not be determined if these contigs were PKS-NRPS hybrids or typical type I PKSs. Chlorophytes, apicomplexa and haptophytes are also known to possess typical modular type I PKSs. In addition to the sub-clades consisting of dinoflagellate monofunctional and multiple KS domains (Figure 3) , the protistan clade also consisted of well-supported and distinct sub-clades of KS domains from chlorophytes, apicomplexa and haptophytes (Figure 3 ). (Table 1 , G. australes : MTX-1 and putative MTX-3; G. belizeanus : putative MTX-3), and the strains used in this study have not been found to produce P-CTX-3B, P-CTX-3C, P-CTX-4A, P-CTX-4B using LC-MS analysis (Kohli et al. 2015b , Rhodes et al. 2010 . G. polynesiensis is a potent producer of CTXs, however does not produce MTX-1, but only putative-MTX-3 (Rhodes et al. 2014) . Based on toxicity assays, G. excentricus appears to produce both CTXs and MTXs (Fraga et al. 2011) . Despite the fact that this group of species of Gambierdiscus produce different types of toxins, no differences were found in the expression of monofunctional KS domains in the four species. We observed 12 groups of monofunctional KS domains in clade C and A, which were 98-99 % similar to each other at amino acid level and 88-93 % similar at the nucleotide level (Figure 3) . It is possible that some of these genes may be involved in the production of a polyketide compound produced by all strains. This compound might be a new congener of CTX/MTX or any other type of polyether/polyketide compound. Other species/strains of Gambierdiscus are known to produce a range of other polyketide compounds such as gambieric acids (Nagai et al. 1992) , gambierol (Satake et al. 1993 ) and gambieroxide (Watanabe et al. 2013 ). Therefore it is imperative to study the toxin/polyketide profile of specific strains of Gambierdiscus in order to determine the biosynthesis genes responsible for producing these specific compounds.
G. australes and G. belizeanus produce MTXs
The discovery of sequences encoding typical modular type I PKSs in Gambierdiscus, which may be of dinoflagellate origin, opens new avenues of investigation (Table 3) . Contig 50464 found in G. polynesiensis encoded a partial typical type I modular PKS that consisted of 6 modules (Length: 30289 bp; Open read frame: 30141 bp; GC content: 57.9 %). KS domains encoded in
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this contig clustered within the protistan clade (Figure 3 ). The last module consisted of TE domain, which indicates that it is the last module in the megasynthase. A structure that could be produced by this PKS has been proposed, which resembles a partial carbon backbone of a polyether ladder compound (Figure 4) . Sequences resembling G. polynesiensis contig 50464 were also found in G. excentricus (contig 6057; encodes: DH-ER-KR-ACP-TE; sequence similarity: 85.2% at amino acid level), G. australes (contig 20703; encodes: ACP-KS-AT-DH-ER-KR-ACP-TE; sequence similarity: 84.2% at amino acid level) and G. belizeanus (contig 11718; encodes: AT-DH-ER-KR-ACP-TE; sequence similarity: 81.8% at amino acid level).
In dinoflagellates, the origin of transcripts encoding single type I PKS catalytic domains has been attributed to a secondary separation of typical type I multimodular PKS into single domains/enzymes (Monroe and Van Dolah 2008; Eichholz et al. 2012) . This indicates that these single PKS enzymes/domains might work iteratively in multiple PKS pathways to produce different polyketides. However, this study has also revealed the presence of typical type I multimodular PKS such as contig 50464 in dinoflagellates that possess large gene clusters which encode all the enzymes/domains in a sequential manner (open reading frame) required for polyketide biosynthesis. Different evolutionary and functional constraints might explain why some PKSs retain the modular gene cluster structure and others are separated into genes encoding single enzymes/domains; often exhibiting high sequence diversity within KS genes of one species (Kohli et al., 2016) .
No gene clusters associated with the biosynthesis of polyether ladder compounds have been elucidated from a dinoflagellate to date. Monensin and nanchangmycin are non-ladder polyether compounds, structurally closest to polyether ladders, and are produced by modular type I PKSs (Leadlay et al. 2001 , Sun et al. 2003 . In monensins biosynthesis, the carbon backbone is produced via a modular type I PKS assembly and undergoes epoxidation and polyepoxide cyclisation that might be performed by epoxidases and epoxide hydrolases that are also encoded in the monensin biosynthesis gene cluster (Leadlay et al. 2001 , Oliynyk et al. 2003 . Similar to the proposed biosynthesis pathway for brevetoxins (BTX) (Lee et al. 1989, Rein and Snyder 2006) and MTX-1 (Kohli et al. 2015b) , we propose a possible CTX biosynthesis pathway in which the carbon backbone is produced via polyketide biosynthesis, followed by epoxidation and polyepoxide cyclisation carried out via PKSs, epoxidases and epoxide hydrolases ( Figure 5 ). In support of the above proposed biosynthesis pathway we also found sequences that encoded epoxidases/monooxygenases and epoxide hydrolases in G. excentricus and G. polynesiensis (Table S5 ). These sequences encoded 13 different types of epoxidases/monooxygenases and 4 different types of epoxide hydrolases in G. excentricus and G. polynesiensis. In contrast to an earlier theory stipulating epoxidation and cyclisation of polyether ladders during polyketide synthesis (Shimizu 2003) , the hypothesis here proposes that these processes might occur after the carbon backbone is synthesised by PKSs.
CONCLUSION
In conclusion, the gene catalogues of G. polynesiensis and G. excentricus presented here are amongst the most comprehensive yet found in a dinoflagellate. In addition to the genes associated with 23 regulatory pathways, the gene catalogues provide the most exhaustive libraries of full transcripts described from a single genus of dinoflagellate. In addition to the vast diversity of PKS genes, we present a clear distinction between genes responsible for fatty acid and polyketide biosynthesis in Gambierdiscus. We identified numerous genes related to polyketide synthesis that may be associated with toxin production in these two ciguatoxinproducing strains. The results presented here are a step towards recognising the genes which are crucial to the formation of this major group of marine biotoxins, that is currently responsible for the majority of the marine biotoxin related seafood poisonings worldwide. 
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FIGURE LEGENDS
Figure 1: Phylogenetic analysis showing a clear distinction between type II 3-ketoacyl ACP synthase II and type I ketosynthase domains of polyketide synthases and fatty acid synthases. The alignment consisted of 531 characters and 103 representative sequences from dinoflagellates, apicomplexa, chromera, Vitrella, stramenopiles, haptophytes, green algae, plants, fungi, animal and bacteria showing the position of each major group in the phylogenetic tree. Analysis was inferred in RAxML using GAMMA model of rate heterogeneity and 1000 bootstraps.
Figure 2: Concatenated phylogeny of five enzymes involved in type II fatty acid synthesis (3-ketoacyl ACP synthase III, s-malonyltransacylase, trans3-ketoacyl ACP reductase, 3-hydroxyacyl-ACP dehydratase and enoyl-ACP reductase) from 18 dinoflagellates and one other alveolate Chromera velia which was used as an outgroup. The alignment consisted of 1431 characters and the phylogeny was inferred using RAxML, GAMMA model of rate heterogeneity and 1000 bootstraps. 
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This article is protected by copyright. All rights reserved. Figure S1 : Phylogenetic analysis of 18s ribosomal rDNA from various Gambierdiscus, Fukuyoa and Alexandrium species. The alignment consisted of 1822 characters. Analysis was inferred using RAxML, GTRCAT model of rate heterogeneity and 1000 bootstraps. Table S1 : A list of all the sequences encoding the histone proteins (H2A, H2B, H3, H4) found in the gene catalogue of G. excentrucus and G. polynesiensis. Table S4 : Polyketide synthase genes found in Gambierdiscus australes, G. belizeanus, G. excentricus and G. polynesiensis transcriptomes. Sequences names with a prefix "sl" and/or "polyA" denote the presence of Spliced leader and polyA tails at the 5' and 3' end of the sequences respectively. Table S5 : Sequence properties of the transcripts encoding epoxidases and epoxide hydrolases identified in G. polynesiensis and G. excentricus.
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